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Genetic variability in stress tolerance (heat, desic-
cation, and hypoxia) and fitness (virulence and repro-
duction potential) among natural populations of Stein-
ernema carpocapsae was assessed by estimating phe-
notypic differences. Significant differences were
observed in stress tolerance among populations. Pop-
ulations isolated from North Carolina showed signifi-
cantly more stress tolerance than those isolated from
Ohio. Significant differences were also observed in
populations isolated from the same locality. Survival
of infective juveniles after exposure to 40°C for 2 h
ranged from 37 to 82%. A threefold difference was ob-
served in infective juvenile survival following expo-
sure to osmotic desiccation or hypoxic condition. Sev-
eral populations tested were superior to the most
widely used strain (‘All’ strain) in stress tolerance
traits, with one population KMD33, being superior to
the ‘All’ strain in all traits. Fitness as expressed by
virulence and reproductive potential differed signifi-
cantly among populations but showed less variability
than the stress tolerance traits. All populations tested
had a reproductive potential greater than or similar to
that of the ‘All’ strain and most of them caused >60%
insect mortality of the wax moth larvae, Galleria mel-
lonella. The high genetic variability in stress toler-
ance among natural populations suggests the feasibil-
ity of using selection for genetic improvement of these
traits. © 2002 Elsevier Science (USA)
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INTRODUCTION

Entomopathogenic nematodes in the families Stein-
ernematidae and Heterorhabditidae have great prom-
ise as biological alternatives to chemicals for the con-
trol of soil-inhabiting insect pests (Kaya and Gaugler,
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1993; Grewal and Georgis, 1998). Their impressive list
of attributes including high virulence, ease of mass
production, broad host range, and safety (exemption of
registration by the U.S. Environmental Protection
Agency) has generated a great deal of scientific and
commercial interest in these insect-killing nematodes.
Despite tremendous advances in research and develop-
ment, implementation of entomopathogenic nematodes
under field conditions still remains hampered by the
lack of predictability in efficacy of control (Georgis and
Gaugler, 1991; Gaugler et al., 1997; Grewal and Geor-
gis, 1998). Sensitivity to environmental stresses (heat,
UV, and desiccation) is one of the key factors attributed
to the inconsistencies in the field performance of ento-
mopathogenic nematodes (Kaya, 1990; Georgis and
Gaugler, 1991; Gaugler et al., 1997). Genetic improve-
ment has been proposed as a means of improving field
efficacy of entomopathogenic nematodes (Gaugler,
1987; Kaya and Gaugler, 1993; Fodor et al., 1994; Bur-
nell and Dowds, 1996). Entomopathogenic nematodes
offer several advantages as subjects for genetic im-
provement including short generation, small genome
size, ease of culture and handling, and suitability for
inundative applications (Gaugler et al., 1989b; Fodor et
al., 1994). Several studies have demonstrated the fea-
sibility of genetic improvement of beneficial traits of
entomopathogenic nematodes including host-finding
(Gaugler et al., 1989a; Gaugler and Campbell, 1991),
virulence (Tomalak, 1994; Peters and Ehlers, 1998),
and temperature tolerance (Griffin and Downes, 1994;
Grewal et al., 1996).

Selection of proper candidate species, target traits,
and provision of adequate genetic variability in base
populations are the essential prerequisites for a sound
genetic improvement program (Hoy, 1986; Gaugler et
al., 1989b; Hastings, 1994). Steinernema carpocapsae
(Weiser) is an ideal candidate for genetic improvement
because it has been extensively field tested against a
wide range of insect pests and it possesses superior
storage and mass production characteristics (Kaya and
Gaugler, 1993; Grewal and Georgis, 1998). Tolerance
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to environmental stress and/or enhanced host finding
ability that reduces the period of exposure to environ-
mental stress have been proposed as important pheno-
typic targets for genetic improvement of entomopatho-
genic nematodes (Gaugler et al., 1989b; Burnell and
Dowds, 1996). However, recent findings that S. car-
pocapsae is primarily a surface-adapted ambusher
(Campbell and Gaugler, 1993) imply that enhanced
tolerance to environmental stresses would be an ideal
target for the genetic improvement of field efficacy of S.
carpocapsae.

Collection and evaluation of wild-type populations
from diverse locations are necessary for providing ad-
equate genetic variability in target traits for selection.
However, studies on genetic variability for environ-
mental stress tolerance in natural populations of S.
carpocapsae are limited. Gaugler et al. (1989b) evalu-
ated the genetic variability among 21 geographical
strains of S. carpocapsae for UV tolerance and host-
finding ability. Grewal et al. (1994b) studied the ther-
mal niche breadths for strains of Steinernema spp.
Since most of the strains tested in both the studies
were cultured in the laboratory for several years, they
may have lost some of the actual variability. Dramatic
changes in biological traits of entomopathogenic nem-
atodes during laboratory adaptation have been demon-
strated in several studies (Grewal et al., 1996; Stuart
and Gaugler, 1996; Wang and Grewal, 2002). There-
fore, it is critical that assessments on natural popula-
tions are made using newly field-collected populations.
The objectives of the present study were (i) to assess
the genetic variability in environmental stress toler-
ance (heat, desiccation, and hypoxia) and fitness (vir-
ulence and reproductive potential) of freshly isolated
natural populations of S. carpocapsae, (ii) to identify
populations possessing traits superior to those of the
most widely used commercial strain (‘All’ strain), and
(iii) to compare populations isolated from different lo-
calities. The infective juvenile of entomopathogenic
nematode is the only stage that prevails in the soil and
is capable of locating and invading a suitable host.
Hence, it is most likely that it undergoes natural se-
lection for environmental stress tolerance for success-
ful perpetuation in soil. Consequently, we predicted
that there should be considerable variability in the
stress tolerance among natural populations of S. car-
pocapsae.

MATERIALS AND METHODS

Nematode Populations

Fourteen populations recently isolated from diverse
locations and a commercial strain (‘All’ strain) of S.
carpocapsae were used in this study (Table 1). These
populations were confirmed to be S. carpocapsae based
on infective juvenile length and male tail and spicule

morphology (P. S. Grewal, unpublished data). All
newly isolated populations were cultured once in the
wax moth Galleria mellonella L. larvae at 25°C follow-
ing isolation as described by Kaya and Stock (1997)
and stored in liquid nitrogen as described by Curran et
al. (1992) to prevent changes in field-adapted traits
due to frequent culturing in the laboratory. ‘All’ strain
was maintained in the laboratory by culturing in wax
moth larvae at 1- to 2-month intervals. The nematodes
cryopreserved in the liquid nitrogen were thawed in
Ringer’s solution for 24 h. All the populations were
cultured twice in the wax moth larvae prior to perform-
ing the bioassays. Infective juveniles emerging within
the first 2–3 days from the wax moth larvae were used
in the bioassays.

Stress Tolerance

Heat. Heat tolerance of infective juveniles of differ-
ent populations was assessed by exposure to 40°C for
2 h in incubator. One thousand infective juveniles in 1
ml of water were placed in a well of a 24-well plate. One
such well was maintained for each population in each
well plate. Six replicates were prepared for each pop-
ulation. After exposure to 40°C, the plates were incu-
bated at 25°C for 24 h for recovery of the nematodes
from heat shock. Six additional plates constantly main-
tained at 25°C for each population were used as con-
trol. The number of dead and live nematodes was
counted by taking three 50-�l samples from each well,
and percentage survival was calculated. The inactive
nematodes were considered dead if they did not re-
spond to probing with a steel probe. The bioassay was

TABLE 1

Locality, Host Insect, and Source of Steinernema
carpocapsae Populations Used in the Present Study

Population Locality Source

All Georgia Vitacea polistiformis
Harris

KMD-2 Columbus, Ohio Popillia japonica
(Newman)

KMD3 Ashland, Ohio P. japonica
KMD4 Ashland, Ohio P. japonica
KMD5 Akron, Ohio Soila

KMD11 Akron, Ohio Soil
KMD14 Akron, Ohio Soil
KMD7 Wooster, Ohio Soil
KMD18 Broadview Heights, Ohio Soil
KMD38 Portsmouth, Ohio Soil
KMD52 Portsmouth, Ohio Soil
KMD28 Lenoir, North Carolina Soil
KMD30 Lenoir, North Carolina Soil
KMD33 Lenoir, North Carolina Soil
KMD26 Chantilly, Virginia Soil

a Nematodes were isolated from soil using last instar larvae of
Galleria mellonella as bait.
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performed two times using a different generation of
infective juveniles and six replications each time.

Desiccation. Desiccation tolerance of the nematode
populations was evaluated by dehydrating the infec-
tive juveniles in glycerol solution as described by
Glazer and Salame (2000). Briefly, 1000 infective juve-
niles in 0.5 ml of water were mixed with 0.5 ml of 80%
(v/v) glycerol solution to obtain a final glycerol concen-
tration of 40% (v/v). The nematodes mixed in glycerol
were placed in a well of a 24-well plate. One such well
was maintained for each population in each well plate.
Six replicates were prepared for each population. After
incubation at 25°C for 96 h, the nematodes were rehy-
drated in 10 ml of water. Six additional plates contain-
ing nematodes in water at the same concentration were
used as control for each population. Nematode survival
was determined 24 h after rehydration at 25°C as
described above. The bioassay was performed two
times using a different generation of infective juveniles
and six replications each time.

Hypoxia. Tolerance to hypoxia was assayed by stor-
ing the infective juveniles in 0.5 ml of water in 0.5-ml
air-tight Eppendorf tubes. Ten thousand infective ju-
veniles were held in each tube at 25°C with the lids
tightly closed. Six tubes were prepared for each popu-
lation. After 10 days, the nematodes were transferred
to 10-cm-diameter petri dishes containing 9 ml of wa-
ter and incubated at 25°C for 24 h for the recovery of
the nematodes from hypoxia. Six 5-cm-diameter petri
dishes containing nematodes at the same concentra-
tion were used as control and held at 25°C. Nematode
survival was determined as described above. The bio-
assay was performed two times using a different gen-
eration of infective juveniles and six replications each
time.

Fitness

Virulence. Virulence of infective juveniles against
last instar larvae of G. mellonella was assessed using
the one-on-one sand-well bioassay described by Grewal
et al. (1999). Four 24-well plates were set up for each
nematode population and an additional four plates
were set up without nematodes to assess control insect
mortality. The number of dead insect larvae in each
plate was recorded after 48 and 72 h, and percentage
mortality was calculated. The bioassay was performed
two times using a different generation of infective ju-
veniles and four replications each time.

Reproductive potential. Reproductive potential of
the nematode populations was determined by infecting
last instar larvae of the wax moth individually with
100 infective juveniles on a filter paper in wells of a
24-well plate at 25°C. After 72 h, the infected wax moth
cadavers were transferred to White traps (White,
1925), placing one cadaver in each trap. Five such
traps were maintained for each nematode population.

The total number of infective juveniles produced per
wax moth larvae at 25°C was recorded 20 days after
initial infection. The experiment was repeated two
times using a different generation of infective juveniles
and five replications each time.

Statistical Analyses

Percentage data were normalized using arcsine
transformation and subjected to analysis of variance
(ANOVA) using Statistica release 5.5 (Statsoft, 1999).
Data from two experiments were pooled for analysis as
the interaction between experiment and nematode
population was not significant (P � 0.05) for all traits.
The differences among populations were compared us-
ing Tukey’s test and linear contrasts. Differences be-
tween the control and treatment within each popula-
tion were compared using t test. P � 0.05 was consid-
ered significant.

RESULTS

The interaction between experiment and nematode
population was not significant for any trait [F � 0.16;
df � 14, 150; P � 0.999 (heat tolerance); F � 0.08;
df � 14, 150; P � 0.999 (desiccation tolerance); F �
0.51; df � 14, 150; P � 0.923 (hypoxia tolerance); F �
0.02; df � 14, 150; P � 1.00 (virulence); F � 0.01;
df � 14, 120; P � 1.00 (reproductive potential)].
These data indicate that the performance of different
generations of infective juveniles used in two experi-
ments was not significantly different. Consequently,
results based on the data pooled from two experiments
are presented here.

Stress Tolerance

Heat. Populations of S. carpocapsae differed signif-
icantly (F � 68.81, df � 14, 154; P � 0.0001) to heat
tolerance (Fig. 1). Survival of infective juveniles ex-
posed to 40°C for 2 h varied between 37 and 82%
among populations. No mortality was observed in con-
trols. Nine populations had over 60% survival and two
had less than 40% survival. Populations isolated from
North Carolina were significantly more heat tolerant
than populations isolated from Ohio (F � 7.36; df � 1,
154; P � 0.007). Seven populations were significantly
more (P � 0.05) heat tolerant than the ‘All’ strain.
Significant differences were observed in heat tolerance
among populations isolated from the same locality in
both Ohio (KMD11, KMD14, KMD38, KMD52) and
North Carolina (KMD30, KMD33).

Desiccation. Desiccation survival differed signifi-
cantly (F � 177.78; df � 14, 154; P � 0.001) among
the 15 populations of S. carpocapsae (Fig. 2). No mor-
tality was observed in controls. Survival of infective
juveniles following osmotic desiccation for 96 h varied
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between 22 and 61%. Only two populations had over
60% survival and five had less than 25% survival.
Populations isolated from North Carolina were signif-
icantly more desiccation tolerant than the populations
isolated from Ohio (F � 541.78; df � 1, 154; P �
0.001). Four populations were significantly more (P �
0.05) desiccation tolerant than the ‘All’ strain. Signif-
icant differences were observed in desiccation toler-
ance among populations isolated from the same locality
(KMD11, KMD14, KMD38, KMD52).

Hypoxia. Survival of S. carpocapsae populations
under hypoxic conditions also differed significantly
(F � 102.82; df � 14, 154; P � 0.0001) (Fig. 3).
Survival of infective juveniles was significantly greater
in control compared to the hypoxia treatment for all
populations (P � 0.05). No significant differences in
control mortality were observed among populations
(P � 0.05). Survival of infective juveniles following
exposure to hypoxic condition for 10 days varied be-
tween 18 and 65% among populations, with KMD28

FIG. 1. Mean survival (% � SE) of infective juveniles of Steinernema carpocapsae populations after incubation at 40°C for 2 h. Bars with
same letter(s) do not differ significantly according to Tukey’s test (P � 0.05).

FIG. 2. Mean survival (% � SE) of infective juveniles of Steinernema carpocapsae populations after desiccation in 40% glycerol for 96 h.
Bars with same letter(s) do not differ significantly according to Tukey’s test (P � 0.05).
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and KMD33 showing highest survival and KMD7 and
KMD18 showing the least. Two populations (KMD7
and KMD18) had less than 25% survival and two pop-
ulations (KMD28 and KMD33) had more than 60%
survival. Populations isolated from North Carolina
were significantly more tolerant to hypoxia than the
populations isolated from Ohio (F � 784.61; df � 1,
154; P � 0.0001). Two populations were significantly
more (P � 0.05) tolerant to hypoxia than the ‘All’
strain. Significant differences were observed in hyp-
oxia tolerance among populations isolated from the
same locality in both Ohio (KMD38, KMD52) and
North Carolina (KMD28, KMD30, KMD33).

Fitness

Virulence. Virulence differed significantly among
populations of S. carpocapsae [F � 59.48; df � 15,
105; P � 0.0001 (48 h); F � 32.50; df � 15, 105; P �
0.0001 (72 h)] (Fig. 4). Mortality of wax moth larvae
among populations varied between 22 and 76% and
between 42 and 79% at 48 and 72 h after inoculation of
nematodes, respectively. Mortality in control was less
than 6%. Nine populations caused over 60% mortality
of wax moth larvae. Although after 48 h, KMD33
caused significantly greater mortality (P � 0.05) than
all other populations except KMD11, after 72 h there
was no significant difference (P � 0.05) in mortality
between KMD33 and five other populations including
‘All’ strain. Significant differences were observed in
virulence among populations isolated from the same
locality in both Ohio (KMD11, KMD14) and North
Carolina (KMD30, KMD33).

Reproductive potential. There were significant dif-
ferences in progeny production among populations of S.
carpocapsae (F � 8.94; df � 14, 126; P � 0.0001)
(Fig. 5). Four populations produced significantly
greater progeny than the ‘All’ strain (P � 0.05). The
number of infective juveniles produced per insect var-
ied from 111 � 103 to 169 � 103. Significant differences
were observed in reproduction among populations iso-
lated from the same locality (KMD11, KMD14).

DISCUSSION

Our results demonstrate large phenotypic differ-
ences in stress tolerance (heat, desiccation, and hyp-
oxia) among natural populations of S. carpocapsae.
Greater variance among populations and similar levels
of phenotypic expression in bioassays performed with
different generations of infective juveniles indicate a
strong genetic component underlying this phenotypic
variation.

Genetic improvement of environmental tolerance of
entomopathogenic nematodes would improve their
field performance and enable their use under subopti-
mal conditions. When aiming for nematode strains
with improved traits, first it is preferable to look for
preadapted wild types as such genotypes are likely to
be more stable. The superior performance of the popu-
lation KMD33 over the most widely used ‘All’ strain of
S. carpocapsae indicates the possibility of developing
this population as a commercial strain. Therefore, the
virulence against target pests, field efficacy, mass pro-
duction characteristics, and stability of the superior

FIG. 3. Mean survival (% � SE) of infective juveniles of Steinernema carpocapsae populations exposed to (o) and not exposed to (�)
hypoxia for 10 days. Bars with same lower case letter(s) do not differ significantly among populations according to Tukey’s test (P � 0.05)
and bars within each population with same upper case letter do not differ significantly according to t test (P � 0.05).
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traits of this population need to be examined in future
studies.

If the wild-type populations with the desired level of
competence are not available, but there is a high vari-
ability for target traits in the wild-type populations,
then the next ideal approach for genetic improvement
would be initiating a systematic selection program by
constructing a genetically diverse foundation line. Sig-
nificant differences were observed in heat tolerance not
only among populations isolated from different geo-
graphical regions but also among those isolated from
the same locality. P. S. Grewal and X. Wang (unpub-
lished) also observed significant differences among nat-
ural populations of Heterorhabditis bacteriophora Poi-
nar isolated from a single field. A more than twofold
difference was observed between the most and the
least heat-tolerant population and several populations

were superior to the ‘All’ strain, suggesting that selec-
tion would be an efficient approach for improving this
trait. A high level of heritability for heat tolerance
(Glazer et al., 1991) and response to selection for tem-
perature tolerance (Griffin and Downes, 1994; Grewal
et al., 1996) has been demonstrated in Heterorhabditis
spp. A rapid response to selection for high and low
temperature tolerance was also demonstrated in stein-
ernematids (Grewal et al., 1996; Jagdale and Gordon,
1998).

Tolerance to desiccation and hypoxia also varied sig-
nificantly among populations of S. carpocapsae. Signif-
icant differences were observed even among the popu-
lations isolated from the same locality. A threefold
difference between the least and the most tolerant
population and the superiority of several populations
to the most widely used ‘All’ strain suggest that selec-

FIG. 4. Mean mortality (% � SE) of Galleria mellonella larvae caused by infective juveniles of Steinernema carpocapsae populations in
the one-on-one sand-well bioassay at 48 h (A) and 72 h (B) after inoculation. Bars with same letter(s) do not differ significantly according to
Tukey’s test (P � 0.05).
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tive breeding for the genetic improvement of these
traits would be worthwhile pursuing. Glazer et al.
(1991) demonstrated a low heritability for desiccation
tolerance in H. bacteriophora using inbred lines.
Therefore, mutagenesis has been used to develop des-
iccation-tolerant mutants in this species (O’ Leary and
Burnell, 1997). However, information on heritability
and response to selection for desiccation tolerance in
steinernematids is limited and hence needs to be a
focus of future studies. Although tolerance to hypoxic
conditions is relatively less critical compared with tem-
perature, UV, and desiccation in improving the field
performance of entomopathogenic nematodes, it is im-
portant in improving the survival of infective juveniles
in water-logged soils and liquid formulations.

Wild-type populations may possess novel traits that
offer advantages in biological control. However, if the
populations do not possess a desirable level of fitness
such as virulence and reproductive potential, the im-
provements in biocontrol efficacy are minimal. Our
results demonstrate that all populations tested in this
study have a reproductive potential higher than or
similar to that of the ‘All’ strain, with most of them
causing �60% insect mortality in the one-on-one viru-
lence bioassay. These data suggest that the fitness of
these populations is comparable to that of the commer-
cial strain. Although significant differences were ob-
served in virulence and reproductive potential among
populations, variability in these traits is relatively low
(less than twofold difference among populations) com-
pared to the stress tolerance traits. This may be be-
cause the virulence and reproductive potential were
evaluated against a highly susceptible laboratory host

under ideal conditions rather than a natural host un-
der field conditions. Interestingly, “All” strain was not
greatly superior to the newly isolated populations in
the fitness tests even though it has been passed
through the laboratory host G. mellonella many times
over the years.

The ability to tolerate environmental stresses is
thought to be related to the climatic conditions of the
locality from where the nematode population was iso-
lated (Molyneux, 1986). However, our results demon-
strate significant differences in stress tolerance among
populations isolated from the same locality. Possibly
differences in the microenvironment in their soil niche
may be playing an important role in selection for stress
tolerance in entomopathogenic nematodes as they have
a patchy distribution in soil and a limited ability to
disperse over long distances (Stuart and Gaugler,
1994; Campbell et al., 1996). Significant genetic differ-
ences among populations isolated from a single field
have been found in H. marelatus Liu and Berry and S.
feltiae (Filipjev) (Blouin et al., 1999; Hominick et al.,
1999). P. S. Grewal and X. Wang (unpublished) ob-
served significant differences in stress tolerance among
populations of H. bacteriophora isolated from the same
field. These studies along with our results suggest that
several genetically distinct populations of the same
species of entomopathogenic nematodes may occur in
the same field. Coexistence of conspecific populations
possessing varying degrees of adaptations may be a
strategy for reducing the intraspecific competition and
insuring the perpetuation of species against environ-
mental extremes.

FIG. 5. Mean numbers of infective juveniles (�SE) produced per insect larva by populations of Steinernema carpocapsae at 25°C. Bars
with same letter(s) do not differ significantly according to Tukey’s test (P � 0.05).
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